The relationship between growth factor-dependent cell growth and proliferation and the upregulation of cellular metabolism required to support these processes remains poorly defined. Here, we demonstrate that cell growth, proliferation, and glucose metabolism are coordinately regulated by interleukin-3 (IL-3) in cytokine-dependent cells. Surprisingly, glycolytic activity is stimulated to a greater extent than would be expected based on the rate of cell growth or proliferation. IL-3 signaling exerts a direct effect on glycolytic commitment independent of cell growth control. These results are not restricted to IL-3 as the cytokines IL-7 and IL-2 have similar effects on glucose metabolism when assayed in factor-dependent cell lines or primary lymphocytes, respectively. Growth factor stimulation leads cells to consume less oxygen and produce more lactate per glucose, indicative of conversion from oxidative to glycolytic metabolism. The enforced rate of glucose metabolism is in excess of that required to support cell growth; accordingly, if extracellular glucose is reduced, cells retain the ability to grow and proliferate by derepressing oxidative metabolism. These data suggest that the high rate of glycolysis observed in response to growth factor stimulation is a primary effect rather than a homeostatic response to increased cell growth.
Growth factor stimulated cell growth and proliferation result in the consumption of energy and macromolecular precursors, which might therefore stimulate glycolysis as a cell-intrinsic response to a decline in an intracellular metabolic indicator such as ATP/ADP ratio, NADH/NAD + ratio, or mitochondrial membrane potential (3, 5) . Bioenergetic demand can stimulate compensatory increases in glucose metabolism in specific settings. For instance, glycolytic rates rise in cells in which ATP consumption is increased or in which respiration is impaired (6) (7) (8) (9) (10) . However, recent studies in our laboratory have indicated that growth factor signals serve to maintain levels of intracellular bioenergetic indicators such as ATP/ADP, NADH/NAD + , and mitochondrial membrane potential (11, 12) . This suggested that receptors that promote cell growth might directly regulate the cellular uptake and utilization of essential nutrients, such as glucose, rather than indirectly via increased bioenergetic demand.
The immortalized but nontumorigenic cell line FL5.12, which is dependent on IL-3, was used to investigate the relationship between growth factor signaling and glucose utilization. IL-3 has been described as a prototypical survival factor (13) . The IL-3 receptor uses the common β chain (β c ) to transduce signals (14) . Effects of activated β c receptors on the expression and activity of proteins directly responsible for cell cycle regulation, cellular differentiation, and inhibition of apoptosis have been described (14) (15) (16) . In addition, IL-3 stimulation has been demonstrated to result in enhanced glucose uptake and metabolism, but whether this is a primary or secondary effect of IL-3 signaling has not been addressed (12, 17) .
We report that increased IL-3 availability correlates with increased glycolytic enzyme activity that cannot be accounted for as a compensatory response to cell growth. As growth factor availability increases, glycolytic metabolism rises in excess of apparent cellular demand, resulting in the accumulation of unused energy equivalents both in the cytosol and as secreted metabolic products in the medium. Growth factor-dependent increases in glycolysis result in dose-dependent increases in mitochondrial potential and cellular NADH. At levels of glucose available in standard tissue culture media, IL-3 stimulation of glycolysis leads to glucosemediated suppression of oxidative metabolism. Thus IL-3 promotes a dose-dependent stimulation of aerobic glycolysis, beyond what is necessary to fuel cell growth and proliferation.
METHODS

Cell culture
FL5.12 cells were cultured in RPMI 1640 (Invitrogen) supplemented with 10% dialyzed fetal calf serum (FCS) (Invitrogen), 10 mM HEPES (Invitrogen), 50 U/ml penicillin, 50 µg/ml streptomycin (Invitrogen), 50 µM 2-mercaptoethanol (2-ME; Sigma), and recombinant IL-3 at 0.01, 0.05, or 0.35 ng/ml (R&D Systems, Minneapolis, Minnesota). Cells were grown in the stated concentration of IL-3 for at least four days before any experiment unless otherwise stated. B23 cells were cultured as described previously (18) in OptiMEM (Gibco, Carlsbad, California) supplemented with 10% FCS, 50 µM 2-ME, 2.4 g/L NaHCO 3 , 100 µg/ml penicillin, 100 µg/ml streptomycin, and 1.5 ng/ml recombinant IL-7 (BD PharMingen, San Diego, California). Cells were washed three times and resuspended in media lacking IL-7 18 hours before stimulation. Cells were stimulated for four hours with 50 ng/ml IL-7 in the presence or absence of 5 ng/ml cycloheximide. Primary human CD4 T cells were isolated and stimulated with anti-CD3, anti-CD28-antibody coated beads as described previously (19) . Cells were cultured in RPMI 1640 supplemented with 10% FCS, 10 mM HEPES, 50 U/ml penicillin, 50 µg/ml streptomycin, and 50 µM 2-ME for 12−14 days. Rested cells were washed and resuspended in media with 1% FBS two hours before stimulation. Cells were stimulated for 4 hours with 300 U/ml recombinant IL-2 (Chiron) in the presence or absence of 0.5 µg/ml cycloheximide.
Cell number, cell size, and flow cytometry
Cells were counted using a Coulter Z2 particle analyzer, which also measured cell volume. Alternately, relative cell size was measured in forward scatter units on an LSR flow cytometer (Becton Dickinson). For cell-cycle analysis, cells were stained with 10 µg/ml Hoechst 33342 (Molecular Probes) and 10 µg/ml propidium iodide (Molecular Probes) for 30 min at 37°C. Cells were run on an LSR flow cytometer, and dead cells were excluded from the analysis. For Glut1 staining, cells were fixed in 1% paraformaldehyde, permeabilized in 0.3% saponin, and stained with a polyclonal rabbit anti-Glut1 antibody (Research Diagnostics). This was followed by secondary staining with a goat anti-rabbit antibody conjugated to fluorescein. Cells were analyzed on a FACS Calibur flow cytometer (Becton Dickinson). For mitochondrial potential analysis, cells were stained with 20 nM tetramethyl rhodamine ethyl ester (TMRE; Molecular Probes) in the presence or absence of 50 µM CCCP (Sigma) for 30 min at 37°C followed by analysis with a FACS Calibur flow cytometer. To assess cell viability, cells were pelleted, resuspended in PBS with 2 µg/ml propidium iodide, and analyzed by flow cytometry.
Glucose and lactate measurements
Media samples were collected and stored at -20°C from cells in culture over the course of four days. Glucose and lactate were measured using kits from Sigma Diagnostics according to the manufacturer's instructions. These assays were analyzed using a SpectraMax 190 spectrophotometer and SoftMax Pro software (Molecular Devices, Sunnyvale, California).
Enzymatic assays
Hexokinase assay was based on the method of Wilson (20) . Briefly, cells were lysed in 0.05 M sodium phosphate, 0.1% Triton X-100 and incubated on ice for 15 min. Then 100 µl of sample was mixed with 105 µl of reaction buffer: 90 µl of reaction solution (45 mM Tris Base, 7.4 mM MgCl 2 , 3.7 mM glucose, pH 8.5), 10 µl NADP + (Sigma, 5 mg/ml in 0.1 M sodium phosphate, pH 7), 1 µl glucose 6-phosphate dehydrogenase (Worthington Biochemical Corp., Lakewood, New Jersey, 100 units/ml in 0.02 M Tris, 0.2% BSA), 3 µl ATP (220 mM, pH 7), 1 µl monothiolglycerol (Sigma). Change in absorbance at 340 nm was read every 10 s over 30 
Oxygen consumption
Oxygen consumption of whole cells was measured as described previously (22) . Briefly, oxygen consumption was measured using a water-jacketed, airtight chamber with a 3 ml volume fitted with a polarographic oxygen electrode. Measurements were made at 37°C with constant stirring. 
NADH measurement
RESULTS
IL-3 stimulation results in a dose-dependent increase in glycolytic activity
IL-3 regulates cell growth and proliferation in multiple cell types (23) . FL5.12 cells are an immortalized hematopoietic cell line dependent on IL-3 for growth, proliferation, and survival (24) . This cell line fails to form tumors in nude mice and appears to have intact Rb, p53, and PTEN tumor suppressor pathways (25) . A detailed analysis of FL5.12 cells grown in different concentrations of growth factor was performed. Cells were cultured in 0.01, 0.05, or 0.35 ng/ml recombinant IL-3. These concentrations were above the threshold necessary to inhibit apoptosis in culture (data not shown). As expected, the rate of cell accumulation in culture increased with increasing levels of IL-3 ( Fig. 1A ).
To determine whether or not there was an increase in cell growth independent of the increase in proliferation, cell size in different phases of the cell cycle was evaluated. The size of cells in both G 1 and G 2 /M was measured by forward scatter analysis of cells stained with the cell-permeable DNA dye Hoechst 33342 (Fig. 1B ). This analysis revealed that with each increment of IL-3, cells became larger at each stage of the cell cycle. Thus, IL-3 stimulated cell growth to a greater extent than cell proliferation. Concomitant with these increases in growth and proliferation, cells
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can up-regulate nutrient uptake and metabolism. Measurement of cellular rates of glycolysis indicated that cells dramatically increased their rate of glycolysis when stimulated with increasing IL-3 ( Fig. 1C) .
To examine the increased glycolysis in response to IL-3 in greater detail, potential regulatory steps of glycolysis were investigated (26). Glut1 is the major glucose transporter present on the surface of FL5.12 cells. Staining with an anti-Glut1 antibody followed by FACS analysis indicated that Glut1 expression increased with increasing amounts of growth factor ( Fig. 2A) . Hexokinase is the enzyme that phosphorylates glucose, thus capturing it intracellularly, while phosphofructokinase-1 (PFK-1) is thought to be the rate-limiting enzyme of glycolysis. Enzymatic measurements of hexokinase and PFK-1 activities both demonstrated higher activities with higher growth factor availability ( Fig. 2B and 2C ). These data confirm that the increase in glucose consumption brought about by IL-3 stimulation is accompanied by activation of glycolysis at multiple steps.
IL-3 stimulation results in increased cellular NADH, elevated mitochondrial membrane potential, and a shift from glucose oxidation to lactate production
Glycolysis results in the net consumption of one molecule of glucose and two molecules each of NAD + and ADP and production of two molecules each of pyruvate, NADH, and ATP. In cells with high ATP demand, cytosolic pyruvate and NADH can both be oxidized in mitochondria to produce additional ATP. If the bioenergetic requirements for cell growth and proliferation were driving the observed increase in glycolysis, then an increased percentage of the pyruvate and NADH produced by glycolysis would be expected to be used by mitochondria. Alternatively, if the glycolytic rate of pyruvate and NADH production exceeded the rate of consumption by mitochondria, these glycolytic end-products would accumulate in the cytosol.
To distinguish between these possibilities, cellular NAD(P)H fluorescence was measured. Cells cultured in increasing concentrations of IL-3 displayed increased levels of NAD(P)H fluorescence (Fig. 3A) . However, NADH and NADPH have similar excitation and emission spectra, so in order to determine the level of NADH available to mitochondria, the protonophore FCCP was added to the cells, and the change in NAD(P)H fluorescence was measured. FCCP dissipates the electrochemical potential generated by the electron transport chain across the mitochondrial inner membrane. In response, electron transport proceeds at its maximal rate and mitochondria consume available NADH. In standard tissue culture medium, a greater quantity of NADH was available to the mitochondria of cells grown in higher concentrations of growth factor.
To further characterize NADH metabolism in these cells, several inhibitors were added to the cells following FCCP treatment. Rotenone, a mitochondrial complex I inhibitor, was added 200 s following the addition of FCCP. The addition of rotenone elicited a substantial recovery of NADH in the cells grown in the lowest concentration of growth factor, but less than a 50% recovery of NADH in cells grown in the highest concentration of growth factor, suggesting that in these cells mitochondria can consume NADH via a mechanism that does not involve complex I.
To address the consumption of NADH by the electron transport chain downstream of complex I, potassium cyanide, a complex IV inhibitor, was added 200 s following the addition of rotenone. The prevention of all mitochondrial NADH oxidation by cyanide returned the NAD(P)H fluorescence of cells grown in high growth factor to its initial level, suggesting that complex Iindependent oxidation is a significant contributor to the electron transport chain in cells grown in high concentrations of IL-3.
NADH generated from glycolysis may donate electrons to the mitochondria downstream of complex I via the glycerol phosphate shuttle (27). To confirm the contribution of NADH derived from glycolysis in cells grown in different concentrations of growth factor, iodoacetic acid (IAA), an inhibitor of glyceraldehyde 3-phosphate dehydrogenase and thus of glycolytic NADH production, was added to the cells. The addition of IAA caused a reduction in NAD(P)H fluorescence that was greatest in the cells grown in the highest concentration of IL-3. Therefore, as cells are cultured with increasing levels of growth factor, glycolytic NADH and NADH supporting electron transport downstream of complex I make progressively larger contributions to total NAD(P)H charge. Another bioenergetic indicator is the level of mitochondrial membrane potential, which reflects both production by electron transport as well as consumption by oxidative phosphorylation (28). Elevated bioenergetic demand could decrease mitochondrial potential either by decreasing availability of substrates for electron transport or by increasing consumption of the electrochemical gradient. However, cells cultured with higher levels of IL-3 demonstrated increased mitochondrial potential, consistent with the excess production of substrates for electron transport (Fig. 3B) .
Bioenergetic demand was also assessed by measuring cellular oxygen consumption in response to growth factor stimulation. The oxygen:glucose metabolism ratio was calculated by dividing the rate of oxygen consumption by the rate of glycolysis (Fig. 3C) . Maximal oxidation of glucose would yield an oxygen:glucose metabolism ratio of 6:1, while incomplete oxidation would result in lower values. Cells cultured in 0.01 ng/ml IL-3 consumed 3.3 moles of oxygen per glucose, while those cultured in 0.35 ng/ml IL-3 consumed only 0.7 moles of oxygen per glucose. This result suggests that growth factor receptor engagement shifts cells away from an oxidative toward a glycolytic form of metabolism.
Since glucose is incompletely oxidized and NADH accumulates as cells are stimulated with IL-3, available pyruvate might be converted to lactate to allow NADH reoxidation and continued glycolytic throughput. On the other hand, if IL-3 signaling directly stimulates metabolic demand for pyruvate, less lactate would be produced. Cellular lactate can be secreted down its concentration gradient across the plasma membrane. To address how cells used their glycolytic end-products in response to increased IL-3 stimulation, the consumption of glucose and accumulation of lactate in the culture medium were measured. The glucose consumption and lactate accumulation over time both increased as cells were cultured with higher levels of IL-3 in the medium (Fig. 4A and 4B) . The relationship between the IL-3 mediated stimulation of glycolysis, and the utilization of NADH and pyruvate by mitochondria was evaluated by calculating the amount of lactate produced per glucose consumed. These calculations showed that the amount of lactate produced per glucose consumed increased as cells were grown in higher concentrations of IL-3 (Fig. 4C) . In other words, cells used a progressively smaller Page 6 of 20 (page number not for citation purposes) fraction of their metabolized glucose for either macromolecular synthesis or mitochondrial oxidation as they were exposed to increasing concentrations of growth factor.
IL-3 stimulation of glycolysis is independent of cell growth
Increased accumulation of glycolytic NADH, mitochondrial membrane potential, and secretion of lactate in response to IL-3 signaling suggested a primary stimulation of glycolysis and not merely a demand for glycolytic products. To directly test the role of demand by cell growth on the up-regulation of glycolysis, cells were stimulated by IL-3 under conditions in which growth was prevented. Cells cultured in the lowest concentration of IL-3 were switched to the highest concentration of IL-3 for four hours in the presence or absence of the protein synthesis inhibitor cycloheximide. Cells switched to high IL-3 displayed a statistically significant increase in cell size, while the cells switched to high IL-3 in the presence of cycloheximide remained the same size as cells grown in low IL-3 (Fig. 5A) . However, the PFK-1 activity of cells switched to high IL-3 increased significantly in four hours to a similar extent in the presence or absence of cycloheximide (Fig. 5B) . Similarly, IL-3 acutely stimulated a significant increase in glycolytic rate in the presence or absence of cycloheximide (Fig. 5C ). That is, although the cells did not grow in response to IL-3 in the presence of cycloheximide, they still showed a 69% increase in PFK-1 activity and a 110% increase in glycolytic rate. Thus, the observed up-regulation of glycolysis was not dependent on new protein synthesis. Furthermore, these results demonstrate that the increase in glycolytic activity observed when cells are grown in high concentrations of growth factor was not simply a secondary response to cell growth.
Hematopoietic cytokine control of glycolysis
To determine if direct growth factor stimulation of glycolysis was unique to FL5.12 cells or to immortalized murine IL-3-dependent cells in general, additional hematopoietic cell types were tested. The responses of primary human T cells to IL-2 (29) and immortalized murine B cell progenitors to IL-7 (18) were assayed. In primary T cells, acute stimulation with IL-2 caused significant increases in both cell size and glycolytic rate ( Fig. 6A and 6B) . Moreover, in the presence of cycloheximide, IL-2 stimulated glycolysis but not cell growth. Similarly, in response to IL-7, the B cell progenitor line B23 both increased in size and glycolytic rate but displayed cycloheximide-insensitive glycolytic activation ( Fig. 6C and 6D) . Therefore, primary regulation of glycolysis independent of cell growth is not limited to FL5.12 cells in response to IL-3, but may be observed in other cell types, including primary cells, in response to a number of growth factors.
Growth factor-stimulated glycolysis suppresses oxidative metabolism and exceeds proliferative demand
To determine the metabolic and cellular consequences of elevated rates of glycolysis, FL5.12 cells were cultured in 0.35 ng/ml IL-3 in a reduced level of glucose. When cells were switched from 10 mM to 0.4 mM glucose, glycolytic rates significantly decreased (Fig. 7A) . Despite the decrease in glycolysis, and a slower rate of production of mitochondrial substrates such as NADH and pyruvate, cellular oxygen consumption did not decline in response to a reduction in extracellular glucose. Rather, oxygen consumption increased significantly when extracellular glucose was reduced to 0.4 mM (Fig. 7B) . Thus, although glycolysis is directly controlled by extrinsic signals, mitochondrial oxygen consumption appears to be regulated homeostatically by intracellular bioenergetic conditions. In other words, under glucose-replete conditions, elevated rates of glycolysis are able to suppress oxidative phosphorylation below maximal rates.
The effect of the metabolic switch caused by glucose limitation on cell growth and proliferation was investigated. Surprisingly, cell number after three days in culture was unaffected by a 25-fold reduction in glucose availability (Fig. 7C) . In addition, glucose limitation had no effect on cell size (Fig. 7D) . Cells appeared fully able to compensate for reduced rates of glycolysis by derepressing oxidative metabolism to maintain growth factor-directed rates of growth and proliferation. IL-3-directed glycolysis is evidently in excess of that needed to support cell growth and proliferation.
DISCUSSION
The metabolism of mammalian cells is frequently described as being under homeostatic control: in response to increased demand for ATP or biosynthetic precursors, cells up-regulate glycolysis and oxidative phosphorylation to maintain a stable ATP/ADP ratio. However we have recently reported that mammalian cells have a limited intrinsic ability to take up extracellular nutrients despite abundant supply. This observation prompted us to consider the alternative possibility that mammalian metabolism is regulated primarily through extrinsic growth factor signal transduction. The data presented here suggest that IL-3 is a dose-dependent regulator of glycolytic metabolism in FL5.12 cells. The data also show that this regulation is a direct effect of IL-3, and not a compensatory result of growth factor stimulation of cell growth and proliferation. In response to high levels of IL-3, FL5.12 cells take up and metabolize glucose beyond that needed to support cellular bioenergetics or biosynthesis. This excess metabolism is reflected in the buildup of intracellular NADH, the elevation of mitochondrial membrane potential, and increased secretion of lactate.
One consequence of direct growth factor control over glycolysis is that cellular metabolism becomes less efficient as growth factor stimulation increases. Elevated rates of glycolysis suppress maximal rates of oxidative phosphorylation. This effect may be due to the known inhibition by a high matrix NADH/NAD + ratio of multiple TCA cycle enzymes, including isocitrate dehydrogenase, α-ketoglutarate dehydrogenase, and malate dehydrogenase. The increased reliance on complex I-independent transport of electrons from NADH to the electron transport chain, presumably by the glycerol phosphate shuttle, highlights this inefficiency. For example, while the malate-aspartate shuttle generates 2.25 molecules of ATP per NADH, the glycerol phosphate shuttle generates only 1.5 molecules of ATP per NADH (30) . Though less efficient, the glycerol phosphate shuttle permits rapid energy generation: the tissue best known for using the glycerol phosphate shuttle, insect flight muscle, also has the highest known power output (31) . In general, glycolytic metabolism is thought to produce ATP at a higher rate, albeit at a lower yield, as compared with the ability of the TCA cycle to produce ATP through oxidative phosphorylation (32) .
Under the conditions studied, growth factor-controlled elevated rates of glycolysis were in excess of proliferative demand. Depressing glycolytic rates by reducing extracellular glucose did not disrupt the growth or proliferation of the cells in culture. In vivo, however, other nutrients such as amino acids or lipids may not be readily available or bioenergetic demands may be greater so that the rate of glycolysis becomes limiting. Under these circumstances, the dosedependent regulation of glucose metabolism by growth factors may serve to ensure that cells once engaged in an extracellularly determined process are not bioenergetically or biosynthetically constrained during their response. Additionally, the growth factor directed shift to high glycolytic rates might be beneficial to cells under conditions of stress. Increased glucosedependent production of NADPH may make cells less susceptible to oxidative damage. In the context of a multicellular organism, externally controlled glucose metabolism may facilitate tissue homeostasis, such that nutrients are appropriately distributed and individual cells are prevented from autonomously using extracellular glucose.
The extrinsically regulated metabolic shift from oxidative phosphorylation to glycolysis may also inform disease processes such as cancer. It has long been noted that tumor cells display elevated rates of glycolysis, despite oxygen availability (33, 34) . Crabtree observed that even though most tumor cells are capable of oxidative phosphorylation, extracellular glucose represses oxidative phosphorylation in tumor cells via an unknown mechanism (35). Self-sufficiency in growth signals has been postulated to be a primary acquired capability of cancer (13) . We propose that growth factor-independent growth factor signaling may be sufficient to explain the altered metabolism of cancer cells. For example, we have recently identified the proto-oncogene Akt as an IL-3 effector capable of partially substituting for IL-3 in maintenance of cell survival, mitochondrial membrane potential and glycolytic metabolism (36) . In addition, the protooncogene Pim-2 is another IL-3-responsive kinase that can stimulate glycolysis (37) . Although these pathways regulate both cell growth and glucose metabolism, it is likely that unique downstream effectors may underlie these effects. For example, the PI3K/Akt pathway has been reported to enhance glucose uptake via increasing Glut1 expression and surface localization (38, 39) ; increase hexokinase activity (39); and allosterically activate PFK-1 via phosphorylation of PFK-2 (40) . Future studies will determine the precise signaling targets that mediate IL-3's specific effects on glucose metabolism.
In summary, IL-3 coordinately controls cell survival, the cell cycle, cell size, and glucose metabolism in cytokine-dependent cells. IL-3 directly stimulates a shift away from oxidative toward glycolytic metabolism in excess of proliferative demand. Glycolysis is an extrinsically regulated process downstream of growth factor signaling in parallel to growth and proliferation (Fig. 8) . Hexokinase activity was determined in whole cell lysates by a spectrophotometric assay in which glucose 6-phosphate formation is coupled to NADPH production. Average of four independent experiments ± SEM is shown. The mean hexokinase activity was significantly greater for cells stimulated with 0.35 than for 0.01 ng/ml IL-3 (paired t test, two-tailed P value, P < 0.01). C) Phosphofructokinase-1 (PFK-1) activity increases in cells grown in higher concentrations of IL-3. PFK-1 activity was determined in whole-cell lysates by a spectrophotometric assay in which fructose 1,6-bisphosphate formation was coupled to NADH consumption. Average of five independent experiments ± SEM is shown. The mean PFK-1 activity was significantly greater for cells stimulated with 0.35 than for 0.01 ng/ml IL-3 (paired t test, two-tailed P value, P < 0.05). Mitochondrial membrane potential rises with increasing concentrations of IL-3. Mitochondrial membrane potential was measured by flow cytometry using the potentiometric dye TMRE, and baseline TMRE staining was measured in cells treated with the uncoupling agent CCCP. The difference between these measurements was calculated and normalized to mitochondrial membrane potential determined in 0.01 ng/ml IL-3. Average of three independent experiments ± SEM is shown. The mean mitochondrial membrane potential was significantly greater for cells stimulated with 0.35 than for 0.01 ng/ml IL-3 (paired t test, two-tailed P value, P < 0.05). C) The oxygen:glucose metabolism ratio declines with increasing concentrations of IL-3. The oxygen:glucose metabolism ratio was calculated by dividing the rate of oxygen consumption by the rate of glycolysis. Oxygen consumption rate was measured using an oxygen electrode in a heated, airtight chamber. Glycolytic rate was measured by the specific conversion of glucose to water. Average of three independent experiments ± SEM is shown. switched to media containing 0.35 ng/ml IL-3 for four hours, with or without 5 µg/ml cycloheximide (CHX), or kept in 0.01 ng/ml IL-3. A) Cell growth stimulation by IL-3 is prevented by CHX. After four hours in the new media, cell size was measured by Coulter analysis. Average of four independent experiments ± SEM is shown, normalized to cell size in cells maintained in 0.01 ng/ml IL-3. The mean cell size was significantly greater for cells stimulated with 0.35 than for 0.01 ng/ml IL-3 (paired t test, two-tailed P value, P < 0.01). B) PFK-1 activity stimulation by IL-3 is not prevented by CHX. After four hours, PFK-1 activity in whole-cell lysates was measured. Average of four independent experiments ± SEM is shown, normalized to PFK-1 activity in cells maintained in 0.01 ng/ml IL-3. C) Glycolytic rate stimulation by IL-3 is not prevented by CHX. After four hours, glycolytic rate was measured by the specific conversion of glucose to water. Average of four independent experiments ± SEM is shown, normalized to glycolytic rate of cells maintained in 0.01 ng/ml IL-3.
Page 17 of 20 (page number not for citation purposes) Average of three independent experiments ± SEM is shown, normalized to cell size of cells unstimulated with IL-2. The mean cell size was significantly greater for cells stimulated with IL-2 (paired t test, two-tailed P value, P < 0.05). B) Glycolytic rate was measured by the specific conversion of glucose to water. Average of three independent experiments ± SEM is shown, normalized to glycolytic rate of cells unstimulated with IL-2. C, D) B23 cells, immortalized murine B cell progenitors, were stimulated for four hours with IL-7 in the presence or absence of cycloheximide. C) Cell size was measured by Coulter analysis. Average of four independent experiments ± SEM is shown, normalized to cell size of cells unstimulated with IL-7. The mean cell size was significantly greater for cells stimulated with IL-7 (paired t test, two-tailed P value, P < 0.001). D) Glycolytic rate was measured by the specific conversion of glucose to water. Average of four independent experiments ± SEM is shown, normalized to glycolytic rate of cells unstimulated with IL-7. were cultured in 0.35 ng/ml IL-3 and 10 or 0.4 mM glucose. A) Glycolytic rate is suppressed when cells are shifted from 10 mM glucose to 0.4 mM glucose. Glycolytic rate was measured after two days in culture by measuring the specific conversion of tritiated glucose to tritiated water. Average of three independent experiments ± SEM is shown. B) Oxygen consumption rate is derepressed when cells are shifted from 10 mM glucose to 0.4 mM glucose. Oxygen consumption was measured after two days in culture using an oxygen electrode in a heated, airtight chamber. Average of three independent experiments ± SEM is shown. C) Cell accumulation in culture is maintained when cells are shifted from 10 mM glucose to 0.4 mM glucose. The concentration of cells was measured after three days in culture. Average of three independent experiments ± SEM is shown. D) Cell size is maintained when cells are shifted from 10 mM glucose to 0.4 mM glucose. Cell size was measured after two days in culture by Coulter analysis. Average of three independent experiments ± SEM is shown.
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(page number not for citation purposes) coordinately regulate multiple processes in metazoan cells, including growth and proliferation. Data presented here suggest that glycolysis is another extrinsically directed process. Glycolysis is regulated at numerous steps, including glucose transport (GLUT1), hexokinase (HK), phosphofructokinase-1 (PFK-1), and lactate dehydrogenase. Furthermore, IL-3 stimulates a shift away from oxidative toward glycolytic metabolism. Elevation of glycolytic rates inhibits mitochondrial oxygen consumption below maximal levels, implying that mitochondrial metabolism is a homeostatic sensor of intracellular bioenergetics.
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